Model predictive control (MPC) is a powerful and emerging control algorithm in the field of power converters and energy conversion systems. This paper proposes a model predictive algorithm to control the power flow between the high-voltage and lowvoltage DC buses of a bidirectional isolated full-bridge DC-DC converter. The predictive control algorithm utilises the discrete nature of the power converters and predicts the future nature of the system, which are compared with the references to calculate the cost function. The switching state that minimises the cost function is selected for firing the converter in the next sampling time period. The proposed MPC bidirectional DC-DC converter is simulated with MATLAB/Simulink and further verified with a 2.5 kW experimental configuration. Both the simulation and experimental results confirm that the proposed MPC algorithm of the DC-DC converter reduces reactive power by avoiding the phase shift between primary and secondary sides of the high-frequency transformer and allow power transfer with unity power factor. Finally, an efficiency comparison is performed between the MPC and dualphase-shift-based pulse-width modulation controlled DC-DC converter which ensures the effectiveness of the MPC controller.
Introduction
An efficient bidirectional DC-DC converter is indispensable to manage the power flow by switching action to provide high performance and efficiency of an energy conversion system. Hence, the control algorithm of this DC-DC converter needs to be immensely effective as it consists of two conversion stages (single-phase inverter and rectifier) along with an isolated high-frequency transformer (Zhao, Song, Liu, & Sun, 2014) . Several improved control techniques, such as fuzzy-neural control (Cheng, Hsu, Lin, Lee, & Li, 2007) , hysteresis control (Leung & Chung, 2005) and sliding-mode control (Cheng et al., 2007; Tsai & Chen, 2007) , have been investigated in power electronic systems to control power converters. The practical applications of these control methods are confined to simple configured boost, buck, half-bridge and full-bridge unidirectional converters topologies till today. Nevertheless, these controls are aimed to control more complex-This paper proposes an MPC algorithm and its application for a bidirectional isolated full-bridge DC-DC converter and is organised in the following manner. The system configuration and working principle of energy conversion system topology are elaborately described in Section 2. The formulation of the MPC method with discrete time model, the cost function used for selection of the switching state and a detailed explanation of the control scheme and algorithm are mentioned in Section 3. The efficiency and performance of the proposed MPC bidirectional isolated DC-DC converter is tested with MATLAB/ Simulink, and the simulation results are analysed in Section 4. Therefore, the DC-DC converter is further verified with a 2.50 kW experimental set-up, which is depicted in Section 5. Finally, the conclusions are drawn in Section 6.
2. Description of energy conversion system topology 2.1. System configuration Figure 1 shows the energy conversion system topology, which bidirectionally converts the AC power from three-phase AC grid to low-voltage DC bus and is configured with a three-phase bidirectional PWM controlled AC-DC converter and a bidirectional fullbridge isolated DC-DC converter. The energy conversion system in Figure 1 is similar to that in Tan et al. (2012) because this paper intends to improve the efficiency and performance of the bidirectional isolated DC-DC converter using the MPC algorithm.
The bidirectional DC-DC converter consists of two symmetrical structured converters denoted as bridge 1 and bridge 2, which are isolated with a high-frequency (4 kHz) transformer. Bridge 1 consists of four IGBT-Diode switches (S 1 -S 4 ). Each leg of the converter contains two IGBTs in series. A snubber capacitor is connected with each of the IGBTs for minimising the turn-off overvoltage and also achieves zero-voltage switching. Again, bridge 2 is configured with four MOSFET switches (S 5 -S 8 ), as it is operated in low-voltage (60 V) condition. To minimise the switching loss, small snubber capacitor is connected with each MOSFET switches.
Working principle
The MPC algorithm is applied to control the power flow of the bidirectional isolated DC-DC converter. The working principle of the MPC method is based on a finite number Figure 1. Energy conversion system based on the bidirectional isolated DC-DC converter (Tan et al., 2012) . of possible switching states, which utilises the discrete behaviour of a static power converter. In the case of the bidirectional isolated DC-DC converter, the MPC algorithm utilises the discrete nature of equivalent inductances (L eq ) to control the power flow by appropriate switching action. The equivalent inductance (L eq ) is defined with the simplified diagram of the bidirectional DC-DC converter presented in Figure 2 , as the equivalent inductance value of the transformer high-side auxiliary inductance (L ah ), low-side auxiliary inductance (L al ) and leakage inductance (L leak ). For the selection of the appropriate switching state to be applied to the converter, a selection criterion must be defined with a cost function which measures the error between the references and the predicted values. Finally, the state that minimises the cost function is selected for the next sampling interval.
The gating signals S a , S b , S c and S d determine the switching states of the bidirectional DC-DC converter as follows: S a ¼ 1; S 1 is on and S 2 is off 0; S 1 is off and S 2 is on
S 5 is on and S 6 is off 0; S 5 is off and S 6 is on
Hence, the switching function (S) for bridges 1 and 2 of the DC-DC converter can be expressed as
and
The bidirectional DC-DC converter operates in two modes. The first is the buck mode, which allows power transfer from high-voltage DC bus to low-voltage DC bus.
AC-DC
Bridge 2
Power flow Figure 2 . Simplified bidirectional isolated high-frequency transformer linked DC-DC converter scheme.
During this buck mode operation, bridge 1 of the bidirectional isolated DC-DC converter ( Figure 3 ) works as a DC-AC inverter, supplying power to high-frequency transformer, while bridge 2 works as an AC-DC rectifier. On the other hand, in case of the boost mode, power flows in the opposite direction and bridge 2 of the DC-DC converter (Figure 4 ) act as a DC-AC inverter and bridge 1 as an AC-DC rectifier.
Buck mode operation
Buck mode operation of the DC-DC converter with the MPC method is illustrated in Figure 3 , where bridge 1 of the DC-DC converter acts as an inverter and the equivalent inductance L eq , resistance R eq and rest of the part of the circuit act as an equivalent load for the inverter. By applying Kirchhoff's voltage law at the AC side of inverter (bridge 1), the model current equation of the inverter becomes
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Buck Mode of DC-DC Converter Bridge 1 Bridge 2 where L eq is the sum of transformer leakage inductance (L leak ), L ah and n 2 L al mentioned in Figure 3 . V dc1 is the DC voltage at high-voltage DC bus acting as supply voltage for bridge 1.
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On the other hand, bridge 2 of the converter works as a single-phase voltage mode controlled rectifier. The transformer secondary winding voltage (V 2 ) and current (i 2 ) act as the source voltage and current for this rectifier. Therefore, the model voltage equation of the rectifier can be obtained by using the Kirchhoff's current law at the low-voltage DC bus side
where C dc2 is the capacitance connected in parallel with low-voltage DC bus; V dc2 and I dc2 are the DC voltage and DC current respectively at the low-voltage DC bus. Figure 4 describes the boost mode operation of the DC-DC converter, in which the energy is transferred from low-voltage DC bus to high-voltage DC bus. In this case, bridge 2 of the DC-DC converter acts as an inverter and bridge 1 as a rectifier. Hence, similar to Equations (7) and (8), the model of the inverter and rectifier in the boost mode can be obtained and presented in Equations (9) and (10):
Boost mode operation
where V dc2 is the DC voltage at low-voltage DC bus acting as supply voltage for bridge 2.
where C dc1 is the capacitance connected in parallel with high-voltage DC bus; V dc1 and I dc1 are the DC voltage and DC current respectively at the high-voltage DC bus.
Formulation of the MPC method for the DC-DC converter
The formulation of the MPC algorithm for the bidirectional isolated DC-DC converter is described in the following section. It is necessary to transform the dynamic system of the DC-DC converter for both buck and boost mode operations represented in Equations (7)-(10) into discrete time model at a specific sampling time T s .
Discrete time model for prediction horizon
The discrete time model is used to predict the future values of currents and voltages in the next sampling interval (k + 1), from the measured currents and voltages at the kth sampling instant. The system model derivative dx dt from Euler approximation can be expressed as
Using the above approximation, the discrete time model of predictive currents and voltages for the next (k + 1) sampling instant of the bidirectional full-bridge DC-DC converter in the buck and boost modes can be derived.
Buck mode
During the buck mode operation of the system, bridge 1 of the DC-DC converter works as an inverter and is controlled in current mode. On the other hand, bridge 2 is controlled with voltage mode as it works as a rectifier. Hence, the discrete time model of predictive currents at the next sampling instant (k + 1) for the inverter (bridge 1) of the DC-DC converter can be evaluated from Equations (7) and (11) as
and the discrete time model of predictive voltage at the next sampling instant (k + 1) for the rectifier (bridge 2) can also be presented from Equations (8) and (11) as
Boost mode
In the boost mode operation, the DC-DC converter operates in reverse mode corresponding to the buck mode. Therefore, bridge 1 of this converter works as a rectifier and bridge 2 as an inverter. Then, the discrete time model of predictive voltage and current for the inverter and rectifier can be written as
Cost function
The main objective of the MPC algorithm is to minimise the error with fast dynamic response between the predicted and reference values of the discrete variables. To achieve this objective, an appropriate cost function is defined with a measurement of predicted input error. Hence, the cost function for inverter and rectifier can be expressed with the absolute error between the predictive and reference values for both buck and boost modes as follows:
where g i and g r are the cost function for inverter and rectifier, respectively. i ref (k + 1) and i p (k + 1) are the reference and predicted current for the inverter. On the other case, V ref (k + 1) and V p (k + 1) are the reference and predicted voltage for the rectifier. Figure 5 shows the proposed control strategy of the MPC algorithm. At first, the operating mode is selected depending upon the direction of the power flow. During the buck mode operation, the input current i 1 (k) is measured and the future value of this current i 1 (k + 1) is predicted by using the discrete time Equation (12) for each one of the four possible switching vectors (S bridge1 ) of bridge 1 which acts as an inverter. Simultaneously, for bridge 2, the present value of output voltage V dc2 (k) is measured and the prediction of its future voltage V dc2 (k + 1) is also generated for the four possible switching vectors (S bridge2 ) by using Equation (13). These future currents and voltages are compared with the reference current (bridge 1) and voltage (bridge 2) by utilising the cost function Equations (16) and (17). Finally, the switching states of bridge 1 and bridge 2, which minimises the cost functions, are selected for the next interval. Similarly, in the boost mode operation, the future value of input current i 2 (k + 1) for bridge 2 and output voltage V dc1 (k + 1) for bridge 1 are predicted by using the discrete time Equations (15) and (14), respectively. Hence, the optimising switching sates are selected for firing the switches by using cost function Equations (16) and (17). The amount of power transfer by the DC-DC converter is controlled with the reference currents and voltages of the inverter and rectifier bridges respectively for both buck and boost modes. In the buck mode, the power transferred to the low-voltage DC bus is
Control scheme
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where P dc2 is the transferred power by the converter. V dc2 and I dc2 are the DC voltage and DC current respectively at the low-voltage DC bus. Low DC bus voltage (V dc2 ) is controlled precisely at the giving reference voltage (V ref ) for bridge 2, while an accurate value of current I dc2 is achieved by fixing an optimum value of reference current (i ref ) for bridge 1.
Similarly in the boost mode, power transfer (P dc1 ) is also controlled with the reference current (i ref ) of bridge 2 and voltage (V ref ) of bridge 1 as
where V dc1 and I dc1 are the DC voltage and DC current respectively at the high DC bus.
Control algorithm
The control algorithm of the MPC is presented in Figure 6 . The whole predictive control process completes the following steps for selecting the optimised switching state of the converter in the next sampling interval (k + 1).
• The control algorithm starts with measuring and sampling the high DC bus voltage V dc1 (k), current I dc1 (k); low DC bus voltage V dc2 (k), current I dc2 (k); transformer high-side voltage V 1 (k), current i 1 (k) and transformer low-side voltage V 2 (k) and current i 2 (k) for the kth sampling period. • Then the reference currents i ref and reference voltages V ref for inverter and rectifier are calculated and fixed up corresponding with the amount of power flow. • For the buck mode operation, predicted currents i 1 (k + 1), predicted voltages V dc2 (k + 1), and for the boost mode operation, predicted currents i 2 (k + 1), predicted voltages V dc1 (k + 1) are determined for each one of the four (j = 4, where j denotes the possible switching states) possible switching states of the converter by utilising the discrete model of the system. • Then the cost functions of inverter (g i ) and rectifier (g r ) is calculated with the predicted and reference values of currents and voltages. • Finally, the switching state associated with the minimum cost function is finally selected for firing the converter in the next sampling time period (k + 1).
Simulation results analysis
The proposed MPC algorithm is carried out by using MATLAB/Simulink to validate the feasibility of the proposed control algorithm. To verify the proposed method in bidirectional isolated high-frequency link DC-DC converter for energy conversion system, both buck and boost mode operations have been investigated for 2.34 and 1.91 kW power transfer, respectively. The parameters shown in Table 1 are used for simulation in both buck and boost modes. In addition, the high-frequency transformer model parameters are given in Table 2 . Sampling time for the inverter bridge (T si ) and rectifier bridge (T sr ) are taken as 10 and 250 µs, respectively.
Buck mode operation
In the buck mode operation, bridge 1 operates as a voltage source inverter with the current mode control, hence current is precisely controlled during the operation of bridge 1. On the other hand, bridge 2 works as a current source rectifier with voltage mode control fed by the power from bridge 1. In this case, voltage is controlled precisely to the low-side transformer voltage. Due to the current mode and voltage mode control of bridge 1 and bridge 2 during the buck operation, some expected behaviours appear in the system model as explained in this section.
In the current mode control, the relations of the high-frequency transformer primary winding current (i 1 ) with the secondary winding current (i 2 ) and primary winding voltage (V 1 ) with the secondary winding voltage (V 2 ) are presented in Figure 7 . It shows the value of the primary winding current i 1 = 10 A (peak) and secondary winding current i 2 = 60 A (peak), which exactly follow the high-frequency transformer turn ratio of 6:1. Again, in the same mode, the high-side primary winding voltage V 1 = 360 V and low-side secondary winding voltage V 2 = 59.60 V, where a slight amount of voltage is dropped across the equivalence inductance (L eq ), which is expected due to the current mode control of bridge 1.
A further important improvement in this investigation is the unity power factor control compared to the previous study of DC-DC converter with phase-shift modulation. In Figure 7 , it shows the zero displacement angles between the primary winding voltage (V 1 ) and current (i 1 ) and also appears as the same zero phase shift between the secondary winding voltage (V 2 ) and current (i 2 ). As a result, reactive power is minimised and unity power factor is controlled in the power conversion through the high-frequency (4 kHz) transformer.
In the voltage mode control, low DC bus voltage is 60 V and current has a value of 39.0 A throughout the simulation time, except the transient period, which is consistent to the expected values and are depicted in Figure 8 .
Boost mode operation
In the boost mode operation, bridge 2 works as a voltage source inverter with the current mode control. Therefore, current is precisely controlled during the operation of bridge 2. On the other hand, bridge 1 operates as a current source rectifier with voltage mode control linked by the power from bridge 2 and voltage is controlled precisely to the highside voltage of the transformer. Because of the current mode and voltage mode control of bridge 2 and bridge 1 during the boost operation, the following behaviours appear in the system model described in this section. In the current mode control, the relations of the high-frequency transformer primary winding current (i 1 ) with the secondary winding current (i 2 ) and primary winding voltage (V 1 ) with the secondary winding voltage (V 2 ) are presented in Figure 9 . Figure 9 shows the primary winding current i 1 = 75 A (peak) and the secondary winding current i 2 = 12.5 A (peak), which exactly follows the high-frequency transformer turn ratio of 6:1. Again, in the same mode, the high-side voltage V 1 = 360 V and low-side voltage V 2 = 60 V.
In the voltage mode control, high bus DC voltage follows the transformer secondary values around 360 V. Figure 10 shows the DC current at the values of −5.29 A (negative sign denotes the opposite direction of power flow), in the whole simulation time, except the transient period.
Besides, similar to the buck operation, the boost operation also shows the unity power factor control. Figure 9 shows the unity power factor between the primary winding voltage (V 1 ) and current (i 1 ). It also maintains the same phenomena of zero phase shift between the secondary winding voltage (V 2 ) and current (i 2 ). As a result, reactive power is minimised and unity power factor is maintained in the power conversion through the highfrequency (4 kHz) transformer. 
Experimental verification and efficiency comparison
A 2.5 kW scaled down laboratory prototype of the bidirectional isolated DC-DC converter has been developed. The schematic layout of the experimental set-up is presented in Figure 11 . The parameters taken for experiment are provided in Table 1 . During the experimentation, a portable DC voltage source (TDK-Lamda) was used for voltage supply. INTERNATIONAL RECTIFIER-IGBT, TO-247AC, 600 V, 60A and STMICROELECTRONICS-MOSFET, TO-264 were used as power devices.
The experimental verification of the proposed MPC bidirectional isolated DC-DC converter is carried out by using the rapid prototyping and real-time interface (RTI) system dSPACE with DS1104 control card which consist of Texas Instruments TMS320F240 sub-processor and the Power PC 603e/250 MHz main processor. This dSPACE control desk works together with Mathwork MATLAB/Simulink R2013a realtime workshop and RTI control cards to implement the proposed predictive control algorithm to the bidirectional isolated DC-DC converter for energy storage system.
Experimental results
The voltage is measured with differential probe (PINTEK DP-25) and the current with current transducer (LEM LA 25-NP). The following subsection presents the experimental results for both operating modes of the bidirectional isolated high-frequency linked DC-DC converter. Figures 12 and 13 show the waveforms of the transformer primary and secondary winding voltages and currents at the buck mode operation. It shows the value of the primary winding voltage V 1 = 360 V and the low-side secondary winding voltage V 2 = 60 V. Again, the transformer primary winding current i 1 = 10 A (peak) and secondary winding current i 2 = 60 A (peak) maintained the zero displacement angles which ensures the minimisation of reactive power.
Buck mode
In the voltage mode control, low DC bus output voltage is 60 V and current has a value of 37.0 A throughout the experimental time, except the transient period, which ensures the stability of the proposed MPC method of bidirectional isolated DC-DC converter and are depicted in Figure 14 . winding voltage V 1 = 360 V and low-side secondary winding voltage V 2 = 60 V. Again, the transformer primary winding current i 1 = 12 A (peak) and secondary winding current i 2 = 72 A (peak) maintained the zero displacement angles which ensures the minimisation of reactive power.
Boost mode
In the voltage mode control, the high DC bus output voltage is 360 V and current has a value of 5.0 A throughout the experimental time, except the transient period, which ensures the stability of the proposed MPC method of bidirectional isolated DC-DC converter and are depicted in Figure 17 . DC-DC converter (Bai & Mi, 2008a) , presented in Figure 18 . The DPS PWM control method is applied in the 2.0 kW bidirectional isolated high-frequency-linked DC-DC converter topology by employing the same parameters and measurement techniques as in the MPC algorithm. Although the MPC algorithm has variable switching frequency problem, the efficiencies associated with the MPC control are higher compared to the DPS-based PWM control method due to the elimination of reactive power and minimised DC voltage ripple. From Figure 18 , it is clear that the maximum efficiency is achieved at 1.60 kW power transfer for both control methods, where the converter efficiency using the MPC method is 92.52%, while the efficiency is 89.56% using the DPS-based PWM control method.
Primary Current, i 1 Secondary Current, i 2 Figure 16 . Waveforms of the transformer primary and secondary winding currents at the boost mode operation.
High DC Bus Current I dc1 [A] Figure 17 . Output waveforms of high DC bus voltage (V dc1 ) and current (I dc1 ) at the boost mode operation.
Conclusions
Predictive control is a powerful control algorithm in the DC-DC power converters for energy conversion system, which utilises the discrete behaviour of the DC-DC converter. The efficiency and performance of the proposed MPC bidirectional isolated DC-DC converter is simulated in MATLAB/Simulink and further validated with a 2.5 kW experimental configuration. The most important outcomes of the proposed MPC algorithm in this investigation are zero phase shift between the primary and secondary voltage of the transformer and unity power factor between the primary voltage and primary current, also secondary voltage and secondary current, hence minimising the reactive power in the DC-DC converter. As a result, the efficiency of the power improved up to 92.52%. The results associated with the predictive algorithm in this investigation are very much encouraging and will continue to play a strategic role in the improvement of modern high-performance DC-DC power converters in energy conversion system and will open a new prospect in the power electronics research.
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